Magnesium-protoporphyrin chelatase lies at the branch point of the heme and (bacterio)chlorophyll biosynthetic pathways. In this work, the photosynthetic bacterium Rhodobacter sphaeroides has been used as a model system for the study of this reaction. The Photosynthetic organisms synthesize both chlorophyll and heme, the two major tetrapyrroles in nature. The biosynthetic pathways of these two porphyrins utilize a number of intermediates in common and the first step unique to chlorophyll production is the insertion of Mg into protoporphyrin IX (see Fig. 1 ). The enzyme catalyzing this insertion is known as magnesium-protoporphyrin IX chelatase and it lies at the branch point of the heme and the bacteriochlorophyll/chlorophyll biosynthetic pathways. Despite the importance of (bacterio)chlorophyll biosynthesis, there is relatively little known about the detailed enzymology and protein chemistry of this pathway, and in the case of Mg chelatase biochemical analyses have been confined to assays using intact cells of the photosynthetic bacterium Rhodobactersphaeroides (1, 2), isolated plastids (3-6), and broken plastid systems (7) (8) (9) (10) (11) (12) . In these systems, ATP is absolutely required for magnesium chelatase activity (4). Furthermore, it has been demonstrated with extracts of pea (Pisum sativum) chloroplasts that two components, one soluble and the other with membrane affinity, participate in the enzymatic reaction and that there is an ATP requirement for the activation of these two components (10). Recently, the analysis of this pathway in photosynthetic bacteria has provided a way forward (for a review, see ref. 13). This approach benefits from the availability of the genes for bacteriochlorophyll biosynthesis in Rhodobacter capsulatus and R. sphaeroides, which are clustered on a small region of the genome, -45 kb long (14-17). The gene assignments have been based on the results of insertional mutagenesis, which have been correlated with the accumulation of biosynthetic intermediates, or by the measurement of enzymatic activities (15, (17) (18) (19) . Positive identification of function has been lacking, but two recent publications describe the overexpression of the bchM gene from both R. sphaeroides and R. capsulatus in Escherichia coli and demonstrate that the extracts of the E. coli transformants can convert Mg-protoporphyrin IX to Mgprotoporphyrin monomethyl ester (20, 21) . Apart from positively identifying bchM as the gene encoding the Mgprotoporphyrin methyltransferase, this work opens up the possibility of extending this approach to other parts of the pathway. In this paper, we report the expression of the genes bchH, -I, and -D from R. sphaeroides in E. coli: extracts from these transformants, when combined in vitro, are highly active in catalyzing the chelation of Mg by protoporphyrin IX in an ATP-dependent manner. This is an important step forward since apart from identifying the role of three more bch genes-bchH, -I, and -D-it will allow the biochemistry of this reaction to be studied in detail. Moreover, the results have important implications for the study of chlorophyll biosynthesis in plants. Two genes have been identified, ch42 from Arabidopsis thaliana (22) and olive from Antirrhinum majus (23), which share 49% and 39% identity with bchI and bchH, respectively, from R. capsulatus. In view of these homologies and the disruptive effects on chlorophyll biosynthesis caused by mutation of these plant genes, it seems likely that they also encode components of the Mg chelatase.
insertion of Mg into protoporphyrin IX in an ATP-dependent manner. This was possible only when all three genes were expressed. The bchH, -I, and -D gene products are therefore assigned to the Mg chelatase step in bacteriochlorophyll biosynthesis. The mechanism of the Mg chelation reaction and the implications for chlorophyll biosynthesis in plants are discussed.
Photosynthetic organisms synthesize both chlorophyll and heme, the two major tetrapyrroles in nature. The biosynthetic pathways of these two porphyrins utilize a number of intermediates in common and the first step unique to chlorophyll production is the insertion of Mg into protoporphyrin IX (see Fig. 1 ). The enzyme catalyzing this insertion is known as magnesium-protoporphyrin IX chelatase and it lies at the branch point of the heme and the bacteriochlorophyll/chlorophyll biosynthetic pathways. Despite the importance of (bacterio)chlorophyll biosynthesis, there is relatively little known about the detailed enzymology and protein chemistry of this pathway, and in the case of Mg chelatase biochemical analyses have been confined to assays using intact cells of the photosynthetic bacterium Rhodobactersphaeroides (1, 2) , isolated plastids (3) (4) (5) (6) , and broken plastid systems (7) (8) (9) (10) (11) (12) . In these systems, ATP is absolutely required for magnesium chelatase activity (4) . Furthermore, it has been demonstrated with extracts of pea (Pisum sativum) chloroplasts that two components, one soluble and the other with membrane affinity, participate in the enzymatic reaction and that there is an ATP requirement for the activation of these two components (10) .
Recently, the analysis of this pathway in photosynthetic bacteria has provided a way forward (for a review, see ref. 13 ). This approach benefits from the availability of the genes for bacteriochlorophyll biosynthesis in Rhodobacter capsulatus and R. sphaeroides, which are clustered on a small region of the genome, -45 kb long (14) (15) (16) (17) . The gene assignments have been based on the results of insertional mutagenesis, which have been correlated with the accumulation of biosynthetic intermediates, or by the measurement of enzymatic activities (15, (17) (18) (19) . Positive identification of function has been lacking, but two recent publications describe the overexpression of the bchM gene from both R. sphaeroides and R. capsulatus in Escherichia coli and demonstrate that the extracts of the E. coli transformants can convert Mg-protoporphyrin IX to Mgprotoporphyrin monomethyl ester (20, 21) . Apart from positively identifying bchM as the gene encoding the Mgprotoporphyrin methyltransferase, this work opens up the possibility of extending this approach to other parts of the pathway. In this paper, we report the expression of the genes bchH, -I, and -D from R. sphaeroides in E. coli: extracts from these transformants, when combined in vitro, are highly active in catalyzing the chelation of Mg by protoporphyrin IX in an ATP-dependent manner. This is an important step forward since apart from identifying the role of three more bch genes-bchH, -I, and -D-it will allow the biochemistry of this reaction to be studied in detail. Moreover, the results have important implications for the study of chlorophyll biosynthesis in plants. Two genes have been identified, ch42 from Arabidopsis thaliana (22) and olive from Antirrhinum majus (23) , which share 49% and 39% identity with bchI and bchH, respectively, from R. capsulatus. In view of these homologies and the disruptive effects on chlorophyll biosynthesis caused by mutation of these plant genes, it seems likely that they also encode components of the Mg chelatase.
MATERIALS AND METHODS
Construction of pET3a Derivatives Containing bchH, bchI, and bchID. The oligonucleotides 5'-GACATCTAGAGGA-GACGACCATATGCACGGTGAAGTCTC-3' and 5'-ACGGAAGCTTAGATCTTCACTCGGCGGCAAT-3' were used to amplify bchH by PCR and to introduce Nde I and Bgl II sites into the gene, which allowed cloning of the PCR fragment into pET3a (24), yielding plasmid pETBCHH. A BamHI fragment containing most of the bchI gene was subcloned into pBluescriptll. This was used as the template in a PCR using the oligonucleotide 5'-CCCCCGGTACCG-GAGACGACACATATGAAAAAACCCTTCCCCTTC-3' and the pBluescriptlI KS primer. The resulting 800-bp fragment was digested with Kpn I and BamHI and ligated to the 2.3-kb BamHI/HindIII fragment, which contains the bchD gene. The resulting -3-kb fragment was cloned into pBluescriptII, yielding plasmid pBBCHID. This plasmid therefore contains the bchI and -D genes in the same arrangement as on the R. sphaeroides chromosome with a Nde I site preceding the bchI gene, enabling cloning into pET3a. A deletion of bchD was effected by digesting pBBCHID with Pst I and the -3.95-kb fragment was religated yielding plasmid pBBCHI. These plasmids were then digested with Nde I and subjected to partial digestion with BamHI. The resulting Nde I/BamHI fragments of -3.1 kb in the case of bchID and -1.05 kb in the case of bchI were cloned into pET3a, yielding plasmids pET-BCHID and pETBCHI. Plasmids for overexpression were transformed into E. coli BL21(DE3) (25) . E. coli BL21(DE3) strains containing pET3a and its derivatives were grown at
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Enzyme assays were carried out in a vol of 1 ml of the buffer described above containing 1 mg of each protein extract, 1.5 ,uM protoporphyrin, 50 mM phosphocreatine, and 10 units of creatine phosphokinase. Incubations were carried out in the dark for 1 hr at 30°C, after which time the absorbance spectrum of each sample between 370 and 650 nm was recorded on a Beckman DU640 spectrophotometer and the fluorescence emission spectrum of each sample between 500 and 650 nm was recorded on a SPEX FluoroMax spectrofluorimeter using an excitation wavelength of 420 nm.
The time course was carried out by mixing together all the components in a 1-ml cuvette, except for protoporphyrin. Protoporphyrin was added and the absorbance spectrum was recorded immediately and at intervals thereafter. (27) as described (28) . Purified protoporphyrin was dissolved in 0.1 M NH40H. The concentration was measured in 2.7 M HCl using the millimolar extinction coefficient at 554 nm of 13.5 (29) .
RESULTS
Our previous results had suggested that the three genes bchH, -I, and -D might encode Mg-protoporphyrin chelatase (19, 21) . DNA fragments containing these genes were cloned into pET3a, yielding plasmids pETBCHH, pETBCHI, and pETB-CHID (Fig. 2A) ; in the last case, behI and -D, which are found together within the photosynthesis gene cluster, were cloned as a pair. It has not been possible to amplify and clone bchD separately so far, but the combination chosen has nevertheless allowed us to establish the requirement for bchD (see below).
The E. coli cultures containing the bch constructs were induced with isopropyl ,B-D-thiogalactopyranoside. We noticed that after 4 hr of induction the cells containing pETBCHH started to acquire a red color; the fluorescence emission of this pigment is at 633 nm (Fig. 2B) , and we attribute this to protoporphyrin IX, since it is identical to the emission characteristics of authentic protoporphyrin IX. We also noted that the 410-nm absorbance was increased in incubations contain- Fig. 3B , traces 4 and 5). We suggest that this pigmentation is due to the BchH protein sequestering endogenous protoporphyrin IX; we will comment on the significance of this in the Discussion. The cells from the respective inductions were disrupted and the crude extracts were centrifuged; the resulting cell-free supernatants were used for all subsequent work, since these contained all the Mg chelatase activity, suggesting that the BchH, -I, and -D proteins accumulated in a soluble form. The same extracts used for Mg chelatase assays were analyzed by SDS/PAGE (Fig. 2C) . The BchH and -I proteins are clearly visible on the gel, having apparent molecular masses of -140 and -38 kDa, respectively; no BchD protein can be seen at the expected molecular mass of -70 kDa, but the omission of bchD from the experiment has such a decisive effect on the activity of the enzyme that there must be some BchD protein present (see below).
The cell-free extracts were mixed in various combinations to test the requirement for the bchH, -I, and -D gene products. In each case, protoporphyrin IX was the substrate, and the formation of Mg protoporphyrin IX was established by absorbance and fluorescence spectroscopy. Fig. 3 shows the fluorescence emission and absorbance spectra of the E. coli extracts after 60 min of incubation with protoporphyrin IX; in contrast to the substrate, Mg protoporphyrin IX has a characteristic emission maximum at 595 nm (Fig. 3A, trace 7) , and this is clearly present in the BchH, -I, and -D sample. All possible combinations were tested, and the only one that gave chelatase activity was the one with all three gene products present: no 595-nm emission peak was observed for any other combination. The spectrum is in perfect agreement with authentic Mg protoporphyrin. Fig. 3B shows the absorbance spectra of the same incubations used in Fig. 3A . Inspection of the protoporphyrin spectrum (Fig. 3B, trace 1 ) and Mg protoporphyrin spectrum (Fig. 3B, trace 7) shows that the absorbance behavior of these two tetrapyrroles differs substantially-first in the position of the Soret peak, and second in the extinction of the smaller maxima at 550 and 590 nm (30) . The Mg chelatase activity of the BchH, -D, and -I proteins has catalyzed the conversion of protoporphyrin to Mg protoporphyrin, which results in a shift of the Soret peak from 410 to 424 nm and the appearance of the smaller maxima at 550 and 590 nm. When different extracts were tested, the only combination that showed any activity was that containing BchH, -I, and -D. However, it might be significant that the presence of the BchH and -I proteins imparts a 424-nm shoulder on the main peak of the protoporphyrin (Fig. 3B, trace 5) ; this might correspond to a protein-bound form of the substrate that could form prior to the insertion of Mg. The fluorescence emission spectrum of this species shows that it does not arise from the completed chelation reaction (Fig. 3A, trace 5 ). In addition, the identity of the product of the BchH, -I, -D incubation was verified by HPLC (Fig. 4) . The retention times of authentic Mg protoporphyrin (Fig. 4, trace 1 ) and the product of the reaction (Fig. 4, trace 2) are identical, further confirming that the product is Mg protoporphyrin IX.
The results in Fig. 5 demonstrate the ATP requirement for the chelatase reaction, using both the fluorescence and absorbance assays. This requirement for ATP is absolute, since little or no product is formed in its absence. Fig. 6 shows a time course for this reaction, which allows us to obtain an estimate of the activity of this system. We calculate that it is -500 pmol of Mg protoporphyrin per 15-min incubation per mg of protein, which is consistent with the levels of activity measured by Walker and Weinstein (8) (8) .
In a previous paper (21) on the overproduction and assay of BchM, the methyltransferase enzyme that follows the chelation reaction (see Fig. 1 ), we have suggested that the genes ch42 from Arabidopsis (22) and olive from Antirrhinum (23) might encode components on the Mg chelatase. The present work further strengthens this proposed function; since the protein sequence deduced from ch 42 has 49% identity with BchI, and that from olive has 39% identity with BchH, it is reasonable to propose that both plant genes encode subunits of the Mg chelatase. An interesting question remains; is there an equivalent of the BchD protein in other photosynthetic organisms? If there is, it will further strengthen the relevance of the bacterial enzyme to the study of Mg chelatase in plants.
